We report the synthesis, characterization and the optoelectronic properties of a series of four new luminescent iridium(III) complexes 1-4, of the form [Ir(C^N) 2 (N^N)]PF 6 [where C^N is the nonconjugated benzylpyridinato (bnpy) and N^N is a neutral diimine ancillary ligand] with the goal of investigating the impact of the methylene spacer between the coordination moieties of the C^N ligand on the optoelectronic properties of the complexes. The crystal structures of 1-3 illustrate two possible orientations of the methylene unit of the bnpy ligand. The formation of these two separate conformers is a result of the conformational flexibility of the bnpy ligand.
Introduction
One of the most promising and explored classes of luminescent transition metal complexes are those based on iridium(III) as they show excellent photo-and thermal stabilities.
They are typically highly efficient emitters with relatively short phosphorescent emission lifetimes, and their emission energy can be easily tuned as a function of ligand design. [1] [2] The most widely studied class of iridium complexes are heteroleptic bis-cyclometalated complexes of the form [Ir(C^N) 2 (L^X)] n+ , where C^N is the cyclometalating ligand and L^X is either a monoanionic ligand such as acetylacetonate (acac, n = 0), or a neutral diimine ligand such as 2,2'-bipyridine (bpy, n = 1). The main strategies for tuning the emission energy of these complexes are the decoration of the ligands with either electron-withdrawing or electrondonating substituents, and the modification of the coordinating heterocycles. 1, [3] [4] [5] The C^N ligands nearly always form five-membered chelates, typically based on 2-phenylpyridine (ppyH). Strategies involving interruption of the conjugation in these C^N ligands, such as going from a five-membered chelate to a six-membered chelate that incorporates a methylene spacer, are far less explored. Indeed, examples of photoactive iridium complexes incorporating sixmembered chelate C^N ligands remain rare and belong to two categories depending on the presence of conjugated [6] [7] [8] or nonconjugated [9] [10] [11] [12] bidentate chelating ligands.
To date, to the best of our knowledge, all iridium complexes employing nonconjugated six-membered chelate C^N ligands have included either a pyrazole 9, 11 or benzyl-derived Nheterocyclic carbene 10 coordinating moiety as part of the ligand. Surprisingly, the use of pyridine, such as with 2-benzylpyridinato (bnpy), has not yet been explored in the design of photoactive iridium complexes; this ligand has only been reported for iridium complexes used in catalysis. [13] [14] The two C^N-coordination moieties in bnpy are separated by a methylene spacer, which fully interrupts the p-conjugation within the C^N ligands. This allows the decoration of the pyridine without influencing the electronic properties of the phenyl ring and therefore the HOMO level of the complex; the HOMO being typically located on the phenyl rings of the C^N ligands and the iridium d-orbitals. 3 In the present study, we have targeted a series of four new cationic Ir(III) complexes (Chart 1) of the form [Ir(bnpy) 2 (N^N)](PF 6 ), where the N^N ligand is a neutral diimine chelate, with the goal to evaluate whether breaking the conjugation within the C^N ligands can aid in pushing the emission to the blue, which has been an active research theme in the Zysman-Colman group. [15] [16] [17] [18] [19] [20] [21] [22] [23] Complexes 1 and 2 contain bipyridine-based ancillary ligands [1, N^N = bpy; 2 = 4,4'-di-tert-butyl-2,2'-bipyridine (dtBubpy)] while complexes 3 and 4 each contain two 5-membered heterocycles in the electron deficient 2,2'-bithiazole (bthz) and the electron-rich 1H,1'H-2,2'-biimidazole (biim) ligands, respectively. The motivation for the choice of N^N ligands was to have a series of ligands that (1) spanned a wide electronic range and (2) whose bite angles varied in order to assess what impact, if any, this has in conjunction with the C^N ligands. The optoelectronic properties of these complexes are explored and compared with benchmark complexes (R1-R4, see Chart 1)
where the bnpy ligands have been replaced with ppy; R1-R3 have been previously reported 15, 24 while R4 is new. The physical and photophysical properties of these complexes are corroborated by density functional theory (DFT) and time-dependent DFT (TD-DFT) investigations. Chart 1. Synthesized and characterized complexes (1) (2) (3) (4) and reference complexes (R1-R4) in this study.
Results and Discussion
Complexes 1-4 were obtained as their hexafluorophosphate salts from the chlorobridged dimer [Ir(bnpy) 2 Cl] 2 , upon reaction with the corresponding N^N ancillary ligand and subsequent anion exchange with NH 4 PF 6 following standard reaction conditions; complex R4 was obtained analogously using [Ir(ppy) 2 Cl] 2 . [25] [26] In the first step, [Ir(bnpy) 2 24 and 4 (biim) 20 were obtained according to previous reports. All complexes were characterized by 1 H, 13 C and 31 P NMR spectroscopy, HR-ESI mass spectrometry, elemental analysis, and melting point determination (see Figures S1−S19 in the Supporting Information for NMR and HR-ESI-mass spectra). The structures of complexes 1−3 and the chloride salt of R4, R4.Cl, were determined by single crystal X-ray diffraction.
Crystal Structures
Single crystals of sufficient quality of 1-3 and R4.Cl were grown from vapor diffusion of a CH 2 Cl 2 or acetone solution of the complex with diethyl ether acting as the anti-solvent.
The structures of 1-3 and R4.Cl were determined by single-crystal X-ray diffraction (Figure 1, Figure S20 in the SI). All three (1-3) complexes possess a distorted octahedral geometry, with the two bnpy ligands in complexes 1-3 coordinated to iridium to form a six-membered chelate ring. The pyridine rings of the C^N ligand are disposed in a mutually trans arrangement while the cyclometalating carbon atoms are trans to the nitrogen atoms of the N^N ligand, presenting an analogous binding mode to the majority of cationic Ir(III) complexes such as R1-R4.Cl. In 1-3 the Ir-C C^N bonds are noticeably shorter [2.022(5) -2.052(7) Å for 1-3; 1.988(6) -2.016 (7) for R4.Cl] than the Ir-N N^N bonds, which range from 2.148(5) to 2.203(4) Å [2.153(5) -2.184(5) Å for R4.Cl]. These bond lengths are all similar to the analogous bond lengths in R1-R3. 15, 24, [27] [28] The bite angles of the N^N ligands in 1-3 vary from 75.24(15)-77.8(2)° [76.1(2)° for R4.Cl], which are again similar to the reference complexes R1-R3. The bite angles of the bnpy ligands vary between 87.97 (13) and 87.98(13)° for 3, 88.1(3) and 88.3(6)° for 1, and 88.8(2) and 89.2(3)° for 2; reflecting the increasing steric demand of the different N^N ligands. These bite angles are in the same range as those observed in a related complex using a different nonconjugated C^N ligand with a methylene spacer, [Ir(dFbpz) 2 (pymbi)]PF 6 [where dFbpzH is 1-(2,4-difluorobenzyl)-1H-pyrazole and pymbi 3methyl-1-(2-pyridyl)-benzimidazolin-2-ylidene-C,C 2 ], the bite-angle across the dFbpz ligand being 88.80°. 11 As expected, the bite angles of the bnpy ligands are significantly larger than those seen in the reference complexes, which contain five-membered ring C^N chelates [R1:
R4.Cl is shown in
80.00°, R2: 80.42°, R3: 80.60° and R4.Cl: 80.1(3)-80.7(2)°]. In the X-ray structures, the conformation of the bnpy ligands in complexes 1 and 2 differs from that in 3. Complexes 1 and 2 are found solely as one conformer where the pyridine rings of the C^N ligand are orientated towards the N^N ligand, whereas, in 3, the other conformer, where the methylene groups point towards the N^N ligand, is observed, despite this being the minor conformer observed by 1 H NMR (see below). Given the small differences between the conformer free energies computed in solution for 3 (see below), it is not surprising that packing effects can affect the equilibrium and that the most favored conformer differs in solution and in the solid-state. Complex 1 crystallizes in the polar space group P2 1 , so individual crystals could be enantiopure, resulting from conglomerate crystallization; however the Flack parameter [0.305 (7) ] indicates the likelihood of individually racemic crystals being present.
Complexes 2 and 3 crystallize in centrosymmetric space groups (P3 and P1, respectively), so exist as racemates in the crystalline state.
Solution-State NMR studies
The room temperature 1 H NMR spectra in CDCl 3 of 1-4 are depicted in Figure 2 . DFT computed relative free energies and theoretical Boltzmann distribution can be found in Table 1 . As can be seen, there is a remarkable agreement between the ratio of the two conformers determined by theory and experimentally from the relative integral intensities of methylene group 1 H resonances ( Table 1) . There seems to be a global trend that the steric stress, that decreases in the 1~2 > 3 > 4 series, makes conformer a more accessible in the latter compounds (3a and 4a) than in the former (1a and 2a). The DFT determined distances between the (closest) hydrogen atoms of the methylene and N^N ligand are: 2.15, 2.14, 2.23 and 2.28 Å, in 1a, 2a, 3a and 4a, respectively. For 3, we attempted to optimize by DFT a mixed conformer with one of the ligands in each conformation, but this induces a steric clash and the optimization process led back to one of the two conformers. This clearly suggests that the 3a 3b
transition from one conformation to the other should be a concerted process in which the two ligands simultaneously change their conformation. We therefore searched for the corresponding transition state, and we could locate it 66 kJ . mol -1 above the most stable 3b structure on the free energy scale. This indicates that while thermal equilibration between the two conformers is attainable at room temperature, the interconversion will not be rapid, which is consistent with the fact that two separate sets of signals could be detected on the NMR timescale. The corresponding imaginary frequency mode at 40.5 icm -1 is given in the SI (see video S1).
The interconversion of conformers 3a and 3b was also studied by variable temperature NMR spectroscopy from 280 to 315 K. The variable-temperature 1 H NMR studies showed considerable dependence of equilibrium constant, K, on the temperature (Figure S22 ). Analysis of the Van't Hoff plot yielded the following thermodynamic parameters DG o 298 = -0.63 ± 0.05
is moderately more stable than 3a. The rate constants of interconversion between the two conformers were derived from the intensity of the exchange cross peaks in the ROESY spectra ( Figure S23) . The corresponding activation parameters determined from an Eyring analysis are summarized in Table 2 . The activation energy obtained experimentally for 3b to 3a (72.2 ± 3.2 kJ . mol -1 ) is in very good agreement with the DFT calculation (66.6 kJ . mol -1 ). Surprisingly both Eyring and Van't Hoff plot analysis suggest large positive entropy for the isomerization of 3a to 3b. These significant entropic changes were not reproduced by DFT calculations, but we note that the entropic term is the most approximated thermodynamic term in the traditional DFT calculations of total and reaction (free) energies. 
Electrochemical properties
The electrochemical behavior for 1-4 and R4 was evaluated by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) in deaerated MeCN solution containing n-Bu 4 NPF 6 as the supporting electrolyte and ferrocene/ferrocenium (Fc/Fc + ) as the internal reference. The potentials are referenced with respect to SCE (Fc/Fc + = 0.38 V in MeCN) 29 at 298 K. The electrochemistry data, obtained at a scan rate of 100 mV s -1 , can be found in Table 3 (including data from R1-R4) and the voltammograms are shown in Figure 5 (R4 is shown in Figure S24 in the SI). All complexes show a quasi-reversible single electron oxidation peak, which is attributed to the Ir(III)/Ir(IV) redox couple with contributions from the phenyl rings of the bnpy.
Throughout the series, complexes 1-4 are easier to oxidize than their corresponding reference complexes R1-R4 with cathodic shifts ranging from 0.09 to 0.40 V as the result of the interruption of the p-conjugation. The absence of a conjugated coordinating pyridine results in a destabilized HOMO, compared to the analogous ppy reference complexes; for instance, according to DFT the HOMO is 0.24 eV lower in R1 than in 1 (see Figure S25 ). For instance, the oxidation potential of 1 at 1.12 V is significantly shifted to less positive potential than that of R1 ( ./0 12 = 1.27 V). 15 A more dramatic cathodic shift of 400 mV is observed for 2 ( ./0 12 = 0.91 V) compared to R2 ( ./0 12 = 1.31 V). 16 The oxidation potential of 3 at 1.15 V is similar to 1 and, likewise is easier to oxidize than R3 ( ./0 12 = 1.24 V). 24 The oxidation potential of 4 at 1.05 is modestly cathodically shifted by 7 mV compared to 1 and by 10 mV compared to R4
( ./0 12 = 1.15 V). The cathodic shifting of the complexes 2 and 4 compared to that of 1 reflect the more electron-rich nature of the ancillary ligand, which serves to modulate the electronics of the iridium center. V. The reversible reduction potentials for 1-3 are in a similar range to those of R1-R3 and other related cationic Ir(III) complexes where N^N-based reduction is well-documented. 30 The reduction potential of 1 at -1.38 V is the same as that found for R1. 15 Complex 2, bearing the electron-rich dtBubpy N^N ligand, is more difficult to reduce than 1, with ./0 345 = -1.58 V. This reduction potential is significantly cathodically shifted however compared to R2 ( ./0 345 = -1.40 V). In contrast the reduction potential for 3 is shifted anodically by 270 mV to -1.11 V compared to 1, which is similar to that of R3 ( ./0 345 = -1.15 V). 24 A second, irreversible reduction wave at -1.81 V is observed for 3, also present in the voltammogram of R3. 24 .
Photophysical properties
The UV-Visible absorption spectra of 1-4, recorded in MeCN at 298 K, are shown in Figure 6 and the data are summarized in Table S2 ; the spectrum of R4 is shown in Figure S26 in the SI. All complexes show intense high-energy (e on the order of 2.0-3.5 × 10 4 M -1 cm -1 )
absorption bands below 280 nm that are attributed to 1 p-p* ligand-centered ( 1 LC) transitions localized on the ancillary ligand, analogous to the corresponding bands found for their reference complexes R1-R4. 15, 24 The UV-vis spectrum of 3 is dominated by a moderately intense energy band at 322 nm (e = 1.7 × 10 4 M -1 cm -1 ) and a second less intense band at 374 nm (e = 0.5 × 10 4 M -1 cm -1 ). This absorption profile is similar to that for R3 24 Table 4 . The emission spectrum of R4 in degassed MeCN is shown in Figure   S29 in the SI. Upon photoexcitation (l exc = 420 nm for 1-3 and 400 nm for 4) each of the emission profiles observed at room temperature is broad and unstructured, which is consistent with an emission from a mixed MLCT/LLCT state (Figure 7b) , similar in character to that observed for R1-R3 24, 34 and R4. In solution, the emission maxima are ordered from 580, 585, 602 and 655 nm for 4, 2, 1 and 3, respectively. The emission energy of 1 is the same as that for R1 (l PL = 602 nm in MeCN). 15 Complexes 2 and 3 are very slightly shifted (6 nm, 174 cm -1 , and 3 nm, 70 cm -1 ) compared to R2 and R3 (l em = 591 nm in MeCN 15 and l em = 658 nm in MeCN). 24 Comparing 4 to R4 (l PL = 489 nm) a much larger shift of 91 nm (3209 cm -1 ) is observed.
The photoluminescence quantum yields in MeCN (F PL, MeCN ) for 1-4 are low (<10%) and each complex shows a F PL that is reduced compared to the corresponding reference complexes, except complex 3. For instance, the F PL, MeCN for 1 and 2, at 3% and 8%, are lower than that of R1 and R2, at 9% and 27%, respectively. 15 The F PL, MeCN for 3 is 3%, which is similar to that for R3 (2%). 24 15, 24 and R4, respectively). From these values, radiative and non-radiative rate constants in MeCN can be estimated. The radiative rate constants, k r , for 1 (2.41 × 10 5 s -1 ) and 2 (2.91 × 10 5 s -1 ) are similar and much larger than that for 4 with k r = 0.21 × 10 5 s -1 . These complexes (1, 2 and 4) all possess much smaller k r than their reference complexes (R1, R2 and R4). Complex 3 shows the highest radiative rate constant with k r = 4.2 × 10 5 s -1 , which is also higher than R3 (k r = 2.12 × 10 5 s -1 ). However, complex 3 also shows the highest non-radiative rate constant k nr value (135.95 × 10 5 s -1 ), and which is slightly higher than the value of R3 (k nr = 121.33 × 10 5 s -1 ). Complex 1 (k nr = 77.97 × 10 5 s -1 ) shows a higher k nr than 2 (33.49 × 10 5 s -1 ), which can be explained in part by the red-shifted emission of 1 compared to that of 2. Compared to their reference complexes, both 1 and 2 show much higher k nr values (k nr = 33 × 10 5 s -1 for R1 and k nr = 19 × 10 5 s -1 for R2).
The poorly emissive complex 4 possesses a k nr of 42.43 × 10 5 s -1 , which is much higher than the value for R4 (3.99 × 10 5 s -1 ). The low-intensity emission spectra at 77 K in 2-MeTHF glasses of 1-4 are noisy. Figure   8b shows the smoothed emission profiles. A significant hypsochromic shift is observed compared to the measurements at 298 K, both in MeCN and as doped films. For instance, the profile for complex 1 shows an emission maximum at 544 nm and a shoulder at 572 nm resulting in a blue shift of 58 nm (900 cm -1 ) for the E 0,0 peak compared to the spectrum in MeCN at 298 K with almost no shift compared to the emission of R1 in the 2-MeTHF glass (l PL = 542 nm).
The emission energies in
The blue shift is less pronounced for 2 (33 nm, 1022 cm -1 ), with peaks at 528, 552 and 536 (l max = 552 nm). However, compared to R2 the highest intensity emission peak of complex 2 shows a significant red shift of 79 nm (3026 cm -1 ). For complex 3 the normalized profile is centered at 604 nm (blue shift of 51 nm, 1289 cm -1 compared to the spectrum in MeCN). Complex 4 (l exc = 380 nm) is also very poorly emissive and the profile shows two moderately intense bands at 428 nm and 484 nm (and a shoulder at 534 nm) and the l PL located at 458 nm shows significant blue shift compared to the spectrum in MeCN (122 nm, 4593 cm -1 ). The monoexponential emission lifetimes at 77 K in the microsecond regime are significantly longer compared to both sets of room-temperature measurements and range from 2088 ns (1), to 2120 ns (2), to 2363 ns (3) and 4423 ns (4) . Compared to the reported emission lifetimes at 77 K of R1 (4770 ns) and R2 (4550 ns), 15 1 and 2 show significantly shorter lifetimes. 35 ; f l exc = 378 nm, average weighted lifetimes were determined according to equation t PL,avg = SA i t i (A i = pre-exponential factor of the ith lifetime t i ); g Measured using an integrating sphere; h k r = Φ PL,MeCN / τ PL ; i k nr = [(1 -Φ PL, MeCN )/ τ PL ]; j l exc = 400 nm; k l exc = 380 nm; l from ref 15 ; m Measured in 1/1 MeOH/EtOH glass state at 77 K; n from ref 24 . 
Conclusions

Experimental Section General Synthetic Procedures
Commercial chemicals were used as supplied. All reactions were performed using standard Schlenk techniques under inert (N 2 ) atmosphere with reagent-grade solvents. Flash column chromatography was performed using silica gel (Silia-P from Silicycle, 60 Å, 40-63 µm).
Analytical thin layer chromatography (TLC) was performed with silica plates with aluminum backings (250 µm with indicator F-254). Compounds were visualized under UV light. 1 H, 13 C and 31 P solution-phase NMR spectra were recorded on a Bruker Avance spectrometer operating at 11.7 T (Larmor frequencies of 500, 400, 126 and 162 MHz, respectively). The following abbreviations have been used for multiplicity assignments: "s" for singlet, "d" for doublet, "t" for triplet and "m" for multiplet. 1 H and 13 C NMR spectra were referenced to the solvent peak. 
Melting points (Mps
